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A model recently developed by Zeitlin (1971) and 
Zeitlin and Tavlarides (1972a) combines a Monte Carlo 
technique, the concepts of drop or bubble coalescence 
and breakup in a turbulent flow field, and a description of 
the actual flow patterns and particle movements to de- 
scribe agitated two phase dispersions. The model was ap- 
plied by Zeitlin and Tavlarides (1972b, 1972c) to pre- 
dict unsteady gas absorption with and without reaction 
and interphase transfer in extractors from limited amounts 
of data. An extension is presented here to study effects 
of macromixing and micromixing of the dispersed phase 
on conversion in a liquid-liquid system when the reactant 
diffuses from the dispersed to the continuous phase and 
zero, pseudo first- or second-order reaction occurs in the 
continuous phase. The cases of complete segregation, in- 
termediate drop mixing (a t  various rev./min.) , and pseudo 
complete drop mixing are compared. 

Previous techniques to describe agitated dispersions 
were largely applied to systems in which the reaction takes 
place in the dispersed phase. Rietema (1958) calculated 
the ratio of residence times required to attain a given con- 
version for the two extremes of no mixing and complete 
mixing of the dispersed phase of a reactor for a zero-order 
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reaction. Curl (1963) used a simplified population ap- 
proach method assuming equal size drops with equal co- 
alescence and breakage rates to study zero-order reaction 
in the dispersed phase of a well stirred flow reactor. Ming- 
heng et al. (1966) employed a similar model in order to 
study effects of finite interdrop mixing on nonfirst-order 
reactions. Spielman and Levenspiel ( 1965) introduced a 
Monte Carlo technique to study the influence of coales- 
cence on conversion for various reaction orders. Capovani 
and Tartarelli (1968) used a Monte Carlo technique to 
study conversion and selectivity for irreversible reactions 
in series as a function of zero and infinite coalescence rates. 
This model was modified by Tartarelli et al. (1970) to 
include two drop sizes and applied to study conversions 
for irreversible reactions. 

Experimental investigations on interphase mass transfer 
with reaction in the continuous phase for liquid-liquid 
systems were made by Nagata and Yamaguchi (1960a, 
1960b) and Nagata et al. (1960a). Effects of agitation 
intensity on resistance to mass transfer in the continuous 
and dispersed phases was studied. A simplified model was 
presented which could not accurately predict their ex- 
perimental results at intermediate agitator speeds. 

For systems similar to those discussed above, the dis- 
tribution of concentration among the particle population 
depends upon circulation rates in the vessel, reaction or 
mass transfer conditions, rate and number of coalescences 
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and redispersions of each drop, and the drop size distribu- 
tion. Dispersed phase mixing has an important effect on 
the conversion and selectivity in a given reactor especially 
for nonuniform particles. The model employed herein at- 
tempts to account for these effects in predicting concentra- 
tion distributions in the dispersed phase, interphase trans- 
fer and conversions in liquid-liquid dispersions. 

DESCRIPTION OF MODEL AND REACTION SYSTEMS 
STUDIED 

The dispersed phase is assumed to consist of nonuniform 
spherical drops, only biparticle coalescences occur, and 
breakup results in formation of two randomly selected 
nonuniform particles. The breakage and coalescence prob- 
abilities are dependent on the region in the vessel. 

Macromixing is included in the model via a statistical 
technique which superimposes both local average hydro- 
dynamics and turbulence intensities upon particle move- 
ment. Direction of particle movement may be either ran- 
dom or in the direction of the superimposed particle gross 
terminal velocity vector with the continuous phase velocity 
vector. Micromixing is accounted for by droplet breakup 
and coalescences with complete mixing of droplet con- 
tents. Droplet breakup in the impeller region is character- 
ized by a critical value of the Weber number. Values for 
the model parameters were obtained by Zeitlin and 
Tavlarides ( 1972a) by fitting predicted drop size distribu- 
tions for liquid-liquid dispersions with experimental data. 
Values of / ? B , C R  = 0.5, K j R  = 1.0 and KCR = 1.0 em- 
ployed here correlated experimental results well over a 
wide range of dispersed phase holdup and system proper- 
ties. 

This study is restricted to batch systems although con- 
tinuous flow systems can be studied. 

Physical properties of a typical liquid-liquid system in 
which mass transfer and pseudo first-order reaction occurs 
in the continuous phase were chosen from those available 
in the literature. The dispersed phase is assumed to con- 
sist of 60 weight % iso-valeryl chloride (IVC) and 40 
weight % a-nitro propane. The continuous phase is an 
a-nitro propane saturated water solution. The diffusing 
reactant IVC is first considered dissolved in the dispersed 
phase. Contact of the dispersed phase with the water is 
simulated and IVC is allowed to diffuse from the dispersed 
phase into the water followed by a hydrolysis reaction. 

The rate of hydrolysis of IVC is very fast compared with 
the rate of diffusion and typifies a pseudo first-order reac- 
tion with no diffusing reactant remaining in the continuous 
phase. The mass transfer rate for this type of a reaction 
has been shown by Hatta (1932) and Nagata et al. 
(195913) to be 

R = K B  A c,' (1) 
where R is the mass transfer-reaction rate, cao is the con- 
centration of reactant at the drop surface, and K B  = 
k&W. Nagata and Yamaguchi (1960b) report a K B  
value of 2.67 x 10-4 cm/sec with less than a 5% varia- 
tion with dispersed phase weight fraction. 

In order to study systems with zero and second-order 
reactions the phases are assumed to have the physical 
properties as the IVC water system. The continuity equa- 
tions for the continuous phase are 

No drop present 

- r.3 - - _  
dt 

Drop present 
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(3) 
&a - = k l d  (cao - c ~ )  - r, 

where r, = k,c,2 with k, = 3.22 x 102 liter/g-mole, sec. 
for second-order reaction; r, = k, = 1.5 x gm mole/ 
liter, sec. for zero order reaction; and kl = 1.5 x gm 
mole/liter, sec. Equation (3)  permits one to separate the 
effects of mass transfer rate, drop concentration, and inter- 
facial surface area on mass transfer rate and conversion. 

dt 

USE OF SIMULATION 

To initiate the simulation particle size distributions, dis- 
persed phase holdup fractions, and interfacial surface areas 
in various regions of the batch agitated vessel are deter- 
mined for steady state mixing of the previously described 
system but assuming no mass transfer or reaction. The 
average number of simulation program iterations for all 
drops to coalesce is determined. This information is com- 
bined with available correlations for coalescence frequen- 
cies in agitated vessels as per Zeitlin (1971), and used to 
determine the real time per program iteration. The time 
per iteration is assumed to remain the same irrespective of 
mass transfer or reaction rates. 

Mass transfer and/or reaction is then allowed in each 
of the individual. continuous phase cells. Several important 
assumptions must be noted here. For the extremely fast 
pseudo first-order reaction, continuous phase concentration 
is assumed zero. For reactions of all orders, it is assumed 
that individual drop interfacial area and concentration 
remain constant for each individual drop during any 
particular iteration. This implies the volume and concen- 
tration changes as a result of transfer are small for a single 
time interval. The concentration throughout the drop is 
also considered uniform. This tends to give transfer rates 
and conversions that are slightly high, but reduces the 
computational time in that only one differential equation 
instead of three coupled differential equations with a mov- 
ing boundary need be solved for each drop. 

The continuous phase cell concentrations are averaged 
at the end of each program iteration. This assumption of 
complete backmixing is acceptable according to the ex- 
perimentation of Nagata and Yamaguchi ( 1960a, 1960b), 
Nagata et a]. ( 1960a), and Schindler and Treybal (1968). 

The cases of complete segregation (that is, no coales- 
cences or particle breakage) and pseudo-complete mixing 
(that is, averaging of all drop concentrations after the 
coalescence and breakage step) are incorporated in the 
program. 

ANALYSIS 

The dispersed phase volume concentration distributions 
can be studied to ascertain the effect of degrees of mixing 
on conversion and interphase transfer. This concentration 
distribution function is defined such that 

f,(y) Ay = fraction of total volume of the dispersed 
phase with dimensionless concentration 
in the range y f 1/2 Ay 

and 

f"(y)dy = 1 (4) 

The effects of nonuniform size distribution are also in- 
corporated by this mode of analysis. Typical sets of dis- 
tributions for a zero-order reaction were determined for 
intermediate mixing ( / ? B ,  JRffr', P B ,  C R  = 0.5, K I R  = KCR 
= 1.0) and are illustrated in Figure 1. At time equals zero 
particles in all volume ranges have the same dimensionless 
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concentration y = ca/ca0 = 1, indicated by a single in- 
finite spike on the drawings. As time increases the distri- 
bution peak diminishes and the distribution widens result- 
ing from the differences in the transfer rates between small 
and large particles. At longer times the distribution again 
narrows and moves towards an infinite peak at y = 0 for 
complete conversion. 

Figures 2 to 4 detail the effects of micromixing on the 
dispersed phase volume concentration distribution for a 
second order reaction. The cases of pseudo-complete mix- 
ing, intermediate mixing, and complete segregation are 
compared at different reaction times. Multiple peaks in the 
concentration volume distribution for segregated systems 

l2 I I B4TCH 
ZERO-ORDER REACTION 
4 0 0 R P M  INTERMEDIATE MIXING I I 1 1 

Fig. 1. Volumetric dispersed phase concentrotion distribution 

(VDPCD) versus time; k ,  = 1.5 x -; k l  = 0.05 cm/ 
9-mole 

liter sec 
sec, @ = 0.0063. 

Fig. 2. Volumetric dispersed phase concentration distribution 
(VDPCD) a t  82 sec for second-order reaction in continuous phase; 

liter 

9-mole sec 
k ,  = 3.22 x 102 ; k i  = 0.05 cm/sec; @ = 0.0063. 

lo BATCH 
SECOND-ORDER REACTION 
400 RPM 1 = 2 2 0 S E C  

Fig. 3. Volumetric dispersed phase concentration distribution 
(VDPCD) a t  220 sec for second-order reaction in continuous phase; 

liter 

9-mole sec 
kr  = 3.22 x lo2 ; k l  = 0.05 cm/sec; @ = 0.0063. 

lo BATCH 
SECOND-ORDER REACTION 1 
4 0 0 R P M  t=645 SEC 

Y = CA /CA0 

Fig. 4. Volumetric dispersed phase concentration distribution 
(VDPCD) a t  645 sec for second-order reaction in continuous phase; 

liter 

9-mole sec 
k ,  = 3.22 x 102 ; k l  = 0.05 cm/sec; @ = 0.0063. 

are readily noticeable. These are caused by large drops 
present in the initial size distribution amounting to less 
than 1% of the total number of drops but containing ap- 
proximately 20% of the dispersed phase volume. Peaks are 
also found in the distribution for intermediate mixing and 
are a result of partial segregation effects. They are dissi- 
pated due to dispersed phase mixing. These results illus- 
trate how this model can be employed to predict the extent 
of the reaction not only globally but locally. One can then 
estimate the degree of agitation and contact time necessarv 
to ensure that all drops have reached a certain level of 
concentration. The practical applications of this utility 
are obvious. 

One may study the effects of micromixing on reactant 
transfer by examining the fraction of original reactant still 
remaining in the dispersed phase. Transient data for this 
fraction, 1 - X a ,  are illustrated in Figure 5. Although not 
shown, for all reaction orders the extraction rate is greatest 
for the pseudo-completely mixed system and lowest for 
the completely segregated system. This occurs because the 
transfer rate is proportional to the product of the interfacial 
area times interfacial concentration summed over all parti- 
cles. This sum has its smallest value for the completely 
segregated systems. These are micromixing and particle 
size distribution effects since batch systems are studied. If 
the particles were uniform the sum of interfacial area times 
interfacial concentration over these particles would be 
equal at any level of mixing for all values of time. 

Effects of rev./min., (that is, both macromixing and 
micromixing) on reactant remaining in the dispersed phase 
for the pseudo first-order reaction case are also demon- 
strated in Fiqure 5. The increased extraction rate at the 
higher rev./min. value is due to the increase in interfacial 
area and dispersed phase mixinq at this rpm. 

Calculations were done on the Univac 1108/4700 digital 
computer system. Computation time was approximately 
6 min. for each of the reported concentration-volume dis- 
tributions. 

D I S C U S S I O N  AND CONCLUDING REMARKS 

A Monte Carlo model recently developed to simulate 
dispersed phase turbulently agitated vessels is extended to 
include mass transfer from the dispersed phase to the con- 
tinuous with reaction in the continuous phase. Plots of the 
normalized dispersed phase volume concentration distribu- 
tions for various reaction times indicate how the degree 
of mixing affects the concentration distributions of reactant 
in the dispersed phase. The model can be employed to 
predict the extent of reaction both globally and locally. 
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Fig. 5. Reactant remaining versus time and rev./min. for pseudo- 
first-order reaction in continuous phase; @ = 0.0063. 

The contact time and agitation necessary to  be sure that 
all drops have reached a certain concentration range can 
also be estimated. 

T h e  concentration distributions for the cases of com- 
plete segregation, intermediate mixing, and pseudo com- 
plete mixing indicate the  inaccuracies that may result by 
assuming uniform particle sizes. When dispersed phase 
mixing occurs, the process of averaging the concentration 
spread among small and large drops results in a n  increase 
of transfer rates. Since all drops have identical residence 
time distributions (batch reactor), dispersed phase mixing 
would have no effect on transfer rates in dispersions of 
uniform size drops. 
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NOTATION 

a’ 
A 
c = molar Concentration, mol/l 
D = impeller diameter, cm 
ftj = function defined in Equation (4) 
H’ = Henry’s law constant 
k, = continuous phase mass transfer coefficient, cm/sec 
k, = reaction rate constant, Vmole sec or mole/l sec 
K s  = combined transfer coefficient, cm/sec 
K C R  = coalescence efficiency in circulation region 
K I R  = coalescence efficiency in impeller region 

= interfacial area per unit volume, cmz/cm3 
= total interfacial area, om2 
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N = impeller speed 
Nwe = impeller Weber number, ( D3N2pc)  /a 
t = time, sec 
X = mole fraction of reactant transferred from dis- 

y = dimensionless concentration, ca/cao 

Greek Letters 
p = Hatta  number 
88, C R  = breakage efficiency in circulation regions 
Bs, IR = breakage efficiency in impeller region 
p = density of fluid, gm/cm3 
u = interfacial tension, dynes/cm 
4 = dispersed phase holdup fraction 

Superscripts 
c = continuous phase 
d = dispersed phase 

persed phase 

0 = in continuous phase at  interface 
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